The isotopic analyses of rare earth elements (REE), Pb and U in several kinds of minerals from the clay and black shale layers above the Bangombé natural reactor, Gabon, were performed using a sensitive high resolution microprobe (SHRIMP) to investigate the migration and retardation processes of fission products released from the reactor. REE isotopic data of the secondary minerals found in clays and black shales show that most of fission products were effectively trapped in the clays and not distributed into the black shales over the clays, which reveals that the clays play an important role in preventing fission products from spreading.
Introduction
The Oklo-Okélobondo-Bangombé uranium deposits in the Republic of Gabon, central Africa, are known as natural fission reactors. Large-scale fission chain reactions spontaneously occurred at 16 separate areas in the Oklo deposit, so-called "reactor zones (hereafter RZs)", approximately 2.0 Ga ago, and sustained for 24000 to 200000 years (Gauthier-Lafaye et al., 1996) . Two more RZs have been identified at the Okelobondo and Bangombé uranium deposits close to Oklo. The deposition age of primary uraninite in this area was dated as 2.05 ± 0.03 Ga by Gancarz (1978) . On the other hand, reactor uraninite also yielded similar ages, 1.97 ± 0.06 Ga (Gancarz, 1978) , 1.97 ± 0.05 Ga (Holliger, 1988) and 2.02 ± 0.03 Ga (Gauthier-Lafaye et al., 1996) . Therefore, considering the analytical uncertainties, it is difficult to distinguish the age differences between these two events.
Many elements consisting of the reactor samples show variable isotopic compositions due to nuclear fission and neutron capture reactions. Therefore, isotopic studies of the reactor materials provide practical information on the long-term behavior of fission products in geological media, which is applicable to radioactive waste disposal (e.g., Gauthier-Lafaye et al., 1996; Hidaka and Holliger, 1998) . Most of previous isotopic analyses in Oklo studies were based on the bulk analysis of whole rock samples with the chemical separation of individual elements for the determination of their isotopic compositions using thermal ionization mass spectrometry (TIMS) and inductively coupled plasma mass spectrometry (ICP-MS). Although such bulk
analyses have provided precise isotopic data, the results indicate average information on isotopes in the samples. Isotopic information from microscopic regions is essential for further discussion and understanding of the detailed processes of the migration and fixation of fission products.
Mineralogical observations have shown the existence of tiny secondary minerals in alteration phases around the reactors in association with the partial dissolution of the reactor uraninite, suggesting the precipitation of fission products migrated from the reactor (Janeczek and Ewing, 1996a; Jensen and Ewing, 2001 ).
However, the interpretation was not supported by isotopic data. To address this issue, in-situ isotopic analyses of the micro-minerals found in the peripheral rocks of the reactors have been performed by secondary ion mass spectrometry (SIMS) (Janeczek and Ewing, 1996b; Bros et al., 2003; Horie et al., 2004; Hidaka et al., 2005) . SIMS has been widely applied for the in-situ isotopic analyses of geological samples for two decades. In-situ isotopic analyses of individual minerals using SIMS provide information on the detailed thermal history of geological materials.
The Bangombé RZ is located at 11.80 m depth within the groundwater discharge area, and is significantly affected by weathering and chemical reactions due to the flow of groundwater. In addition, the intrusion of numerous dolerite dykes were caused by regional extension in the Franceville basin, which was confirmed as several episodes of significant Pb mobilization in Late Proterozoic period (Gauthier-Lafaye et al., 1996) . This suggests that a part of the fission products have been released from the reactor and distributed in the peripheral rocks. The migration behavior of fissiogenic REE can be discussed from the distribution profile of isotopic variations with the distance from the RZ. In early research, the isotopic data of the Bangombé site suggested that the fission products released from the RZ during recent weathering have been distributed over a distance of 1 m into a sandstone beneath the RZ (Hidaka et al., 2005) , but have been retained in a clay layer above the RZ (Stille et al., 2003) .
The isotopic analyses of lighter REE (LREE) in micro-regions using SIMS have been effectively used to discuss the migration processes of fissiogenic isotopes into U-and REE-bearing minerals, because a large amount of LREE is produced by U fission in natural reactors. Several kinds of secondarily formed U-and REE-bearing minerals such as florencite and coffinite have been found in the peripheral rocks of the RZ (Janeczek and Ewing, 1996a) . The phosphate minerals found in the host rock contain an excess of fissiogenic LREE (Janeczek and Ewing 1996b; Dymkov et al., 1997; Hidaka et al., 2005) , which suggests that the large amount of LREE in the RZ was released in association with the alteration of the reactor uraninite and precipitated as phosphate minerals. Our major concern is when and how fission products were released from the reactor and trapped in the individual minerals. In this paper, we report the LREE isotopic data of several kinds of micro-minerals found in the peripheral rocks of the Bangombé RZ and then discuss the mechanisms of mobilization and retardation of fissiogenic isotopes produced in the RZ. Furthermore, a chronological interpretation of the timing of LREE migration in association with the geological events around this site is deduced from the U and Pb isotopic data of the U and Pb minerals.
Experimental procedures

Samples
The Bangombé uranium deposit is located approximately 30 km southeast from the Oklo-Okelobondo uranium deposits. Figure 1 shows a map of the Bangombé site with the location of the RZ and the main boreholes. More than twenty boreholes have been drilled to investigate the geological setting of the Bangombé RZ, but only three boreholes (BA145, BAX3 and BAX8) intersect the RZ (Gauthier-Lafaye et al., 1996; Hidaka and Holliger, 1998 concluded that fissiogenic REE were not detected at a distance of more than 3 m from the reactor. Therefore, in this study, we focused on the region within 1 m above and beneath the reactor.
In our previous study, four samples, BAX3.1215 samples, BAX3. , 1225 samples, BAX3. , 1240 samples, BAX3. and 1290 the sandstone layer beneath the RZ were used. The LREE isotopic data showed that the proportion of fissiogenic and non-fissiogenic REE components gradually change with the distance from the RZ (Hidaka et al., 2005) . Three samples, BAX3.1040, 1065
and 1170, used in this study were collected from BAX3. 
Analytical methods
Each sample was cut and mounted in an epoxy resin disk of 2.5 cm diameter.
The surface of the sample was polished with 1/4 μm diamond paste. Before in-situ isotopic analyses, mineral observations of the polished sections of the samples were carried out using an optical microscope and an electron probe micro-analyzer (EPMA:
JEOL XA-8200).
A Sensitive High Resolution Ion Micro-Probe (SHRIMP II) was used for in-situ isotopic analyses in this study. For the REE measurements, the mass resolution was set to higher than 8800 (M/ΔM at 1% of peak height) to avoid the isobaric interferences of the oxide and unknown species onto atomic REE ion peak. (Horie et al., 2004) .
For the Pb isotopic analysis of galena, the masses of 204 Pb, 206 Pb, 207 Pb and 208 Pb were scanned with a mass resolution of 5800. For U-Pb analyses of zircon, Gauthier-Lafaye, 2000) . However, from a microscopic viewpoint, a trace of fissiogenic REE was released from the RZ in association with the partial dissolution of the reactor uraninite, and formed secondary minerals in the peripheral rocks. As REEenriched minerals, apatite, monazite, florencite, rhabdophane, crandallite and françoisite have been found in the sandstones and clays near the Bangombé RZ (Janeczek and Ewing, 1996a; 1996b; Stille et al., 2003; Hidaka et al., 2005) . In this study, coffinite, françoisite, U-rich inclusions coexisting with galena, and zircon were found in the clays.
On the other hand, no REE minerals of over 1 μm-length were found in the black shales of the drill-core.
Only uranium-rich phases of less than 1 μm (hereafter micro-uraninite) were included in the matrices of the black shales. core. The isotopic data from previous works are also plotted in the same figure (Janeczek and Ewing, 1996b; Hidaka and Gauthier-Lafaye, 2000; Hidaka et al., 2005) . Gd for coffinite-1 to coffinite-3 grains are in good agreement with those of the standard material within analytical precision. However, the corresponding isotopic ratios of coffinite-4 and the U-rich inclusion are 5-7 % higher than those in the standard material, which reveals isotopic evidence of the addition of a fissiogenic Gd component as well as neutron-capture products in the samples.
Pb isotopic evolution of galena
Although the chronological interpretation of U-Pb and Pb-Pb data from the Oklo and Bangombé samples is often complicated because of the significant mobilization of Pb due to later igneous events (Gauthier-Lafaye et al., 1996) The Pb data of the secondary U minerals plotted on the single line can be explained by two-component mixing between the 2.05-Ga-old original uraninite and the reactor material including fissiogenic isotopes (Hidaka et al., 2005 derived from uraninite with normal isotopic composition and not from the fissioned uraninite. All of the Pb data points of the galena measured in this study are close to those of the 2.05-Ga-old original minerals. The Pb data suggest that the galena grains in the clay were also formed by the mixing of the two components during a recent alteration, and that a significant amount of Pb was derived from 2.05-Ga-old original uraninite rather than reactor uraninite.
Isotopic characterization of zircon
U and REE isotopes
The seven zircon grains found in the BAX03.1190 sample show a wide range of U content from 270 to 2.83x10 5 ppm. BSE images of the zircon grains are shown in Fig. 3(F) . Two grains, numbered zircon 1 and 5, partly remain in a euhedral shape with an oscillatory zonal structure, and include numerous fractures. REE and U isotopic data of the zircon grains are summarized in (Hidaka et al., 2005) , suggesting the occurrence of chemical fractionation between REE and U during the recrystallization of secondary U minerals. The depleted U from the RZ was partially dissolved and mixed with a large amount of normal U from non reactor materials
U-Pb chronological interpretation
In-situ U-Pb dating of detrital zircon grains helps us to understand the thermal history of the sediments. However, as described in the previous section, the zircon crystals in this study include numerous high-U regions in micro-scale. (2000) studied the relationship between the SHRIMP U/Pb ages and the U contents of zircon, and revealed that the calibrated 206 Pb/ 238 U data increases as a function of U content over 2500 ppm. Therefore, in this study, only four analytical data with U concentrations of less than 2500 ppm (zircon 1-1, 1-3, 2-2, 3-4 in Fig. 3 (F)) were selected from thirteen analytical spots, and used as reliably calibrated SHRIMP U-Pb data. In addition, the 206 Pb/ 238 U ratios of the other nine analytical spots with high-U contents (zircon 1-2, 1-4, 1-5, 3-3, 3-4, 4-5, 5-1, 5-2 and 7-1 in Fig. 3(F) ) were determined from the analytical combination of U/Pb elemental ratios obtained by EPMA and Pb isotopic compositions obtained by SHRIMP. Although the U contents of zircon 1-2, 1-4 and 1-5 were less than 2500 ppm, SHRIMP analysis could not provide good statistics. Therefore, the three sets of data were collected from EPMA analysis. The U contents from eleven analytical spots (zircon 3-1, 3-2, 4-1, 4-2, 4-3, 4-4, 5-3, 6-1, 6-2, 6-3, 7-2) , showing more than 2500 ppm by SHRIMP analysis, were not determined by EPMA, because the analytical regions in the grains were partly damaged after several SHRIMP analyses.
Therefore, the thirteen data sets from twenty four analytical spots are used for further discussion. Pb ratios show a small variation except for two data points ( .12), which also supports the incomplete mixing of independent Pb and U sources in this system. Previous Pb isotopic studies of U-and REE-bearing minerals in the sandstones beneath the Bangombé RZ show that a large mobilization of Pb, U and fissiogenic isotopes occurred by dolerite dyke intrusion (~0.8 Ga ago), and that the secondary minerals were formed by mixing between 2.05-Ga-old original minerals (non depleted U) and reactor materials (depleted U) during a recent alteration (Hidaka et al., 2005) . The similarity of the Pb isotopic compositions suggests that the additional Pb and U fractions in the altered part of the zircon in the clay originated from the same sources as those of the secondary minerals in the sandstones.
The U-Pb data from the analytical spots 1-1, 2-1 and 2-2 are different from the others, suggesting chronological information on the old igneous activity associated with the basement rock formation. The three data points appear to form a single line with a different trend from the other ten data points. The U-Pb diagram in Fig. 6 suggests that the U-Pb system of the inherited zircon was also disturbed by the mixing of the materials having 207 Pb/ 206 Pb~0.12 with a low U content ( 238 U/ 206 Pb<0.5). As shown in , 1996) . Therefore, it is reasonable to consider that the two zircon crystals are detrital materials derived from the basement in this site.
Conclusions
The isotopic data using a SHRIMP clearly show the distribution patterns of the fissiogenic REE isotopes from the RZ to the peripheral rocks. The isotopic variations of fissiogenic REE in the clay layer are much larger than those in the sandstone and black shales. The variations of the isotopic ratios of REE drastically change in the clay, while the isotopic ratios gradually change with the distance from the reactor in the sandstone. Our data demonstrate the important role of clays in effectively adsorbing the fission products released from the RZ.
The zircon crystals in the clays heterogeneously contain a U-rich region (up to 28.3 wt.%) with normal 235 U/ 238 U ratios (=0.00725) and significant amounts of fissiogenic REE, which indicate the migration of U-rich fluid in the grain. Although crystalline zircon is generally considered to be durable under most geochemical conditions, highly damaged zircon in this study showed significant migration of U and REE.
From the Pb-Pb data of galena, it is interpreted that the galena grains in the clay were also formed by the mixing of the two components during a recent alteration, and that the significant amount of Pb was derived from 2.05-Ga-old original uraninite rather than reactor uraninite. The U-Pb systematics of zircon provides chronological information on the old igneous activity associated with the basement rock formation at 2.8 Ga and geochemical evidence of the incomplete mixing of independent Pb and U sources.
petrogenic, paleomagnetic and tectonomagmatic processes associated with the 1. Analytical uncertainties are 1σ of the mean. The data of micro-uraninite from BAX3.1040 and 1065, and U-rich inclusion1-1 from BAX3.1170 were not obtained.
*The data are from Hidaka and Gauthier-Lafaye (2000) .
